ABSTRACT The chemical potential of a protein is a time-averaged quantity whose value depends upon the fractions of time spent in the different conformations and therefore upon the protein dynamics. If the monomer involved in an association equilibrium undergoes unfolding limited by its lifetime, its chemical potential as well as that of the associated form will not be constant and the free energy of association will be a diminishing function of the degree of dissociation. For a unique free energy of association, the logarithm of the protein concentration must change by 2.86 units to increase the degree of dissociation from 0.1 to 0.9. The dissociation of enolase appears to take place over a significantly smaller range (1.7 units), and dansyl conjugates of enolase show an even narrower range (0.9 unit). A simple descriptive theory is developed, and this shows that the values observed are explained by a difference in free energy of 1-3 kcal/mol (1 cal = 4.18 J) betweenthe conformations present at negligible and almost complete dissociation. must avoid explicit time-dependent parameters. In our derivation these will enter only as a ratio oftwo opposing processes, a procedure commonly used in deriving thermodynamic equilibrium constants from kinetic considerations. It is also implicit in our treatment that the alterations of the structure of the monomer and dimer responsible for the change in chemical potential are slow in comparison with the rates of association and dissociation.
must avoid explicit time-dependent parameters. In our derivation these will enter only as a ratio oftwo opposing processes, a procedure commonly used in deriving thermodynamic equilibrium constants from kinetic considerations. It is also implicit in our treatment that the alterations of the structure of the monomer and dimer responsible for the change in chemical potential are slow in comparison with the rates of association and dissociation.
Thermodynamic Equilibrium Theory of Dimer Dissociation. Let an equilibrium be established between monomers and dimer at a molar protein concentration expressed as dimer, CO, and corresponding to a degree of dissociation a. The rates of association, 4k+ a2c02, [1] and dissociation,
The chemical potential ofa substance is determined by its timeaveraged properties. For proteins in solution at low concentration it is generally assumed that the molar chemical potential is independent of the extent of reaction. However, this will not be the case if the change in the proportions of the components of the system with extent of reaction is capable of modifying, through the protein dynamics, the time-averaged protein structure. A case of this type may be that of equilibrium of an oligomeric protein with its subunits-in simplest form a dimermonomer equilibrium. At In the same manner the chemical potential of the dimer will also change because it may be surmised that, when the protein spends most of the time in the monomer form, the structure of the monomer within the dimer will resemble more that of the free monomer and less that ofthe monomer in the original highconcentration dimer. As the extent of reaction increases, the affinity of the monomers for each other will appear to, decline, and AG0, the standard free energy change in the reaction monomer + monomer --dimer will not be a constant but a diminishing function of a.
An acceptable thermodynamic description of these systems [5] During its lifetime the monomer will evolve toward the structure that characterizes it as a --1 with rate constant ks. Upon formation of a dimer, the converse process, restoring the structure to that corresponding to a-* 0, proceeds with rate constant kr. The chemical potentials of dimer and monomer at an arbitrary value of a depend upon the relative extent of these opposing processes-. We take the chemical potentials at arbitrary a to be given by linear combinations of the potentials obtaining at a -+ 0 and a --1, with weights respectively given by: [6] f(O,a) = krtD/(krtD + kStM) f(l,a) = kstM/(krtD + kStM).
The free energy change in the association reaction carried out at arbitrary a is
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where AG'(O) and AG0(1) are the standard free energy changes in the association reaction at the extreme values of a. Setting b = kr/ks and employing Eq. 5:
[9]
[10] a For experimental purposes it is convenient to express AG0(a)
as afunction ofits value at a = 1/2, AG'(1/2), and the parameter 8G0, the difference between AG0(O) and AG'(1). From Eq. 10:
With these values, Eq. 8 may be written
[11]
[12]
[13]
According to Eq. 12 the change in the free energy ofassociation, AG°(a), depends upon two parameters: 8G', which reflects the extent of the structural differences at a --1 and a -> 0; and b, the ratio ofthe rate constants of spoil and repair ofthe monomer structure. Eq. 12 shows that, when b is much smaller or much larger than 1, there will not be any appreciable change in the free energy ofassociation with the extent ofreaction. Occasional observations in the literature imply a logarithmic span shorter than demanded by a dissociation constant independent of the degree of dissociation, but no systematic observations appear to have been made with it in mind. We describe here a study of the dissociation of enolase in which several aspects of this phenomenon clearly appear. MATERIALS AND METHODS Dissociation of Enolase. Two different preparations of enolase were used. One was enolase A, a gift of J. Brewer; the other was a commercial preparation from Sigma. They showed identical specific activities but behaved differently on a TEAE-cellulose column. Enolase A was easily eluted from the column by 2.5 mM Tris HCI, pH 8.5/20 mM KCI whereas the Sigma enolase could only be eluted by making the buffer solution 0.5 M in KCI.
The degree of dissociation was determined by polarization of the intrinsic fluorescence or the fluorescence of conjugates of enolase with 1-dimethylaminonaphthalene 5-sulfochloride (dansyl enolase). The methods of measurement used were described by Paladini and Weber (1) .
RESULTS
Time Course of Enolase Dissociation. Yeast enolase was dialyzed against water for 12 hr. It still contained endogenous magnesium (2) . With an enzyme solution at 1.55 ,uM at 5°C, the half-time for change in polarization of fluorescence with dilution was 1 hr. This is consistent with the observation by Holleman (2) who found that, in the presence of magnesium, the enzyme did not appear to dissociate in short-duration experiments. After thorough dialysis of the enzyme against 1 mM EDTA, the half-time for a change in polarization after dilution was less than 10 min. The rate of dissociation is evidently controlled by two factors: Mg2+ and protein concentrations. In order to eliminate the magnesium effects, all experiments were carried out in Tris HCI buffers containing 1 mM EDTA, after incubation for 12 hr. From observations of the time course of polarization changes, equilibrium ought to be fully reached under these conditions. Fig. 2 shows the time course of the changes in polarization of the fluorescence of enolase. Even rotations oftryptophan in a less-well-folded monomer. The relative importance of these two causes can be established by increasing the viscosity ofthe solutions to the point that the overall particle rotation of dimer or monomer during the fluorescence lifetime becomes negligible. Any remaining depolarization must be referred to local rotations of tryptophan, largely insensitive to the solvent viscosity. The viscosity of 30% (wt/wt) sucrose solutions at 5C is sufficient to damp out the rotational depolarization of a particle of 45,000 daltons with a 4.5-ns fluorescence lifetime, values that apply to the enolase monomer. At protein concentrations such that either monomer or dimer made up most of the protein, water solutions and 30% sucrose solutions showed virtually identical polarizations, indicating that the decrease in fluorescence polarization with dissociation is primarily due to increase in the local rotational motion of the tryptophan. These experiments, as well as more detailed earlier observations (3), furnish direct evidence of structural changes upon dissociation.
Dissociation Curves of Enolase. The limiting values of the polarization corresponding to dimer and monomer were found to be different in enolase A and the Sigma preparation. However, the values of degree of dissociation, calculated from the polarizations, did not show significant differences (Table 1 ). The data ofboth preparations at the two temperatures could be reasonably accommodated by b = 1.0 and 8G0 = 1.5 ± 0.5 kcal/ mol (1 cal = 4.18 J) (Fig. 3) . Similar observations were made at pH 7.5. The average dissociation constant was somewhat lower (0.16 ,uM) but the curves yielded similar b and SG' parameters. Because enolase contains one cysteine per subunit Enolase from Sigma (4, 5), we sought to prevent dimerization by intersubunit disulfide bridge formation through addition of 0.1 mM dithiothreitol to the dilution buffer. However, no significant difference was found when this component was omitted.
The behavior ofdansyl enolase (2.5 mol ofdansyl residue per mol of protein) upon dilution was significantly different from that of intact enolase (Fig. 4) . The dissociation curves became remarkably steep around the midpoint. Kd = 0.083 uM; log span = 0.74. Best fit to Eq. 12 was obtained with b = 1.1 and G°= 3.55 kcal/mol. To take advantage of the circumstance that addition of unlabeled enolase does not affect the measurement of the polarization from the dansyl fluorophore, aliquots of concentrated enolase solution were added to completely dissociated dansyl enolase (at 0.0204 ,uM) and it was found that the dansyl polarization progressively increased, indicating reassociation. After 94 hr of incubation the polarization reached the value observed for 0.12 ,uM dansyl enolase, indicating the complete reversibility of the dissociation. A second preparation of Proc. Natl. Acad. Sci. USA 79 (1982) dansyl enolase (1.5 mol of dansyl per mol of enolase) yielded similar but not identical results: log span = 0.81; K. = 0.032 iM. Brewer and Weber (3) also reported differences in the fluorescence characteristics ofduplicate samples ofdansyl enolase.
DISCUSSION AND CONCLUSIONS The time course of the changes in polarization of fluorescence and particularly the experiments with mixtures of dansyl-labeled and unlabeled protein that demonstrate the reversibility ofthe dissociation leave no doubt that we are dealing with states oftrue thermodynamic equilibrium. The shortened logarithmic span (approximately 1.7 units) of the plots of degree of dissociation against total protein concentration in two different preparations of intact enolase are well outside any experimental errors or artificial influences. Present knowledge of the enolase system is adequate to exclude the particular case of a ligand present in stoichiometric amounts in the dimer and with a ligand-monomer dissociation constant very much larger than the dimer dissociation constant. These circumstances would lead to a decrease in the logarithmic span of less than 1 order of magnitude. It may be noticed that any heterogeneity in the protein (several Kd instead ofa single one) will lengthen the logarithmic span.
The reduction in this span, from 2.86 units characteristic of Kd independent of a, to 1.7 units, requires a "spoiling" free energy of approximately 1.5 kcal/mol, a small quantity that can arise from truly minimal structural differences between the species corresponding to a = 0 and a = 1. The extremely steep dependence of a upon log C0 observed with dansyl enolase demands spoiling free energies of 2.5-3.5 kcal/mol. It seems quite reasonable for the permanent dansyl ligand to contribute to the stability of the lower-affinity forms of enolase by providing additional interactions within the unfolded monomer worth 1-2 kcal/mol of free energy. Ligands of many types could be expected to stabilize either the a = 0 or the a = 1 form, and it would not be surprising to find such changes in affinity difficult to foresee. At this level of the interactions of ligands and proteins we cannot ensure perfect reproducibility or expect an unequivocal characterization of the structural differences involved. We have already insisted on this aspect of protein interactions (6) , and the present observations offer a further example ofthe rather severe limitations to a complete description of structure-function relationships in proteins. The shortening of the logarithmic span of the dissociation curve provides for a very sharp transition between stable monomer and stable dimer. If they have different functional properties such as ligand affinities or enzyme activities, the sharp transition from one to another could be of importance in the biological regulation of function through changes in protein concentration or in the concentration of modifying ligands.
